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SUMMARY 

Calcium in the unalloyed condition is an extremely ductile 

light metal whose mechanical properties on a strength-weight' basis 

are on a par with unalloyed aluminum. Possibilities for developing 

alloys for constructional use are highly doubtful. 

.The chief disadvantage of calcium is its poor corrosion 

resistance which makes it unusable in the pure form. It. is believed 

that this could not be improved to any marked extent by alloying, so 

some type of cladding would be necessary. Since calcium does not 

alloy with iron or stainless steel, prospects for cladding with these 

materials are poor« Cladding with corrosion—resistant magnesium or 

aluminum is more promising if the boundary layer thickness of inter- 

metallic compound can be kept to a minimum. There are also meager 

possibilities for protection by coating with an organic material. 

The best procedure for appraising the possibilities of cal- 

cium appears to be to try to make a strong calcium-base alloy which 

would then be protected by a metallic or organic coating. There is 

little prospect that either effort would be crowned with success. 

ix 
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CALCIUM AND CÄLCIUM-BASE ALLOYS 

Purpose 

The almost unlimited availability of calcium-bearing minerals 

and the low density of metallic calcium with its melting point higher 

than aluminum, indicated that a preliminary survey should be made of 

the possibilities for calcium and calcium-base alloys as construction 

materials for aircraft and guided missiles. This report contains the 

:inforaation and conclusions resulting from this survey. 

METALLIC CALCIUM 

Production 

According to Mantell and Hardy^ ' the production of metallic 

calcium was between 10-20 tons annually from 1920-1940*; before the Electro 

W    C. L. Mantell, and C. Hardy, "Calcium, Metallurgy, and Technology", 
ACS Monograph No. 100, 1945. 

" ^^gr-"**TF'J •"T-'.-v -^r^^K^-r^^ 
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Metallurgical Corporation started their plant late in 1939»' No figures 

were given by Mantell and Hardy on the capacity of this plant. 

The chief method formerly used for the production of metallic 

•calcium fas the electrolytic process employing a fused-salt electro- 

lysis of anhydrous CaCLj at 800°C, using graphite anodes and liners 

arid vertical,,water-cooled iron contact cathodes." This was the~pro- 

cess used by the Electro Metallurgical Corporation at their Sault 

Ste, Marie plant. Another method, by which several million pounds 

of calcium were made during the war at the New England Lime Company, 

Caanan, Connecticut, employs a thermal reduction of lime by aluminum 

in vacuum (using the same equipment as the Pidgeon process for mag- 

nesium).W 

In order to produce high-purity metal from electrolytic cal- 

cium, iu is necessary to xeu-xuti i<«e prouucTo oy aouole äistillation» to rei 

First, the crude product" is distilled below the melting point of cal- 

cium, approximately 800°C, to free the metal from the more" volatile 

alkali metals, especially sodium, then the main distillation is carried 

out at 825-850 C which is above the melting point. Chaudron^2) gives 

the following composition for electrolytic, calcium before and after 

purification by distillation: 

(1) Q.,0. Lopmis,,.»Production of Metallic Calcium by Thermal Reduc- 
tion", Tr. Electrochemical Society, 82, 207-216 (194-5),- 

(2) G. Chaudron, "Calcium", Reine Metalle," p. 126, J. Springer, 1939. 

-2. 

Electrolytic 

Ca metal  85.5% 

CaO 

CaCl2 

Si 

Fe 

Al 

Na • K 

991$ 

2.7% 

0.35% 

0,88% 

0.2% 

1.0% 

Distilled 

Ca ,99.3% ,, 

Fe   0.02% 

Gl " Traces 

Si  0,14% 

Mantell and Hardy*1) present figures showing that the purity 

of electrolytic calcium improved from 1936=1938 because of better pro- 

duction methods: .- 

1936     1222     123J 

Ca 96.58% 97,15% 98.-65% 

CI - 

Fe 0.42% 

Al 0.035% 

Si 0.012% 

Alkali metals 1.0% 

V. tfif) 

0.37% 0.2% 

0,036% Q.03% 

0.01% 0.03% 

0,09% Traces 

The vacuum thermal method of reduction of lime by aluminum ' 

gives a very high-purity produot. The New England Lime Company*-' 

give the following as the analysis of as-distilled calcium, and Ever.te 

(1) Mantell and Hardy, lot. cit., page 34. 

(2) The New England Lime Company, private communication. 
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and Bagley'1' give the following as the chemical analysis of calcium 

produced by that method, purified by redistillation in vacuum» 

Product, from Retort 

.Mg 0.8% 

Ai 0.2% 

B8a 0.035$ 

N 0.1% 

Ca (by difference) 98.865% 

O.o/ cd. 

Redistilled 

Ca 99.48% 

Fe 

Mn 0.0025% 

Ni 0.03%: 

Cr 0.004% 

Si <[ 0*002% 

-  .,                    ,"    Ä1 < .02$ 

; ' " N     0-03% 

H   0.032% 

.0   0.16% 

Melting and Fabrication of Calcium 

Molten calcium is extremely reactive and has to be protected 

during melting by an inert atmosphere or flux. Argon has been used as 

the protective atmosphere, although helium should work equally well. 

Nitrogen> hydrogen, or carbonaceous gases are unsatisfactory, because 

calcium reacts with them. No specific flux cover was mentioned for 

melting calcium, but ©utectic mixtures of calcium Chloride with other . 

chlorides should be satisfactory, because the electrolytic process for 

•(!>: A. H. Everts and G. D. Baglev', "Physical «nrt m<„.+„4 i «_ 
of Calcium«, Electrochem. So'e , Fresented at lllu    il)/*0*??1** in Columbus, Ohio. ^resented at April, 1948,meeting 

4 

^•i^'^r5*^?^^ 
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calcium employs an electrolyte of fused calcium chloride, whieh also 

serves as a protective flux cover. 

- Melting is carried out in iron or stainless ateei, crucible». 

Only a very small pickup of metallic impurities occurs under such con- 

ditions. 

Casting of molten calcium also is done under an inert gas at^ 

mosphere, or, as is done in many cases, the ingot is solidified in the 

crucible. 

If the calcium is sufficiently pure, fabrication by any asethod 

offers few difficulties. Ingots of the metal were easily cold, rolled 

from 3/4-iuch to 1/32-inch thickness without intermediate annealing} 

a cold reduction of 96 per cent'*'. An even more impressive deaon» 

stration of the ease with which calcium may be fabricated is the ex- 

truding practice of the «bite Metal Roiling and Stamping ooapahy, Brook- 

lyn, New Xork^2'• This company took the crowns of distilled caloiua 

metal produced by the New England Lime Company, Caanan, Connecticut, 

which were very irregular in shape., and full of voids, and extruded,* 

them at 45C°-550°F* into 1^-inch rod. These rod» then could be cold, 

rolled without intermediate annealing. The extrusion temperature« used 

by the White Metal Rolling and Stamping Company are considerably lower 

than the 400°-450°C«, (750°-840°F.) temperature range recommended bjy 

Bastian^'. „.  - . 

(1) Everts and Bagley, loe. cit. 
(2) Private communication. 
(3) P. Bastien, »Properties of Sublimed Calcium1*, Rev. Metfalle, J2, 

Part 1, p. 132, 1935. 
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Mechanical Properties at Ordinary Temperature 

Data on the mechanical properties at ordinary temperatures have 

been given by BastienU) and Everts and Bagley(2); They are listed in 

Table, i* The tensile strength of about 7000 p.s.i, for annealed cal- 

cium appears to be rather reliable. This value may be compared -with 

other pure metals, as followsi 

Metal- 

Ca (sublimed, 99.59 

Mg (sublimed, 99.99*)^ 

41 (99.996)0) 

Al (99.5^3) 

Ti Clodide)^); 

^ - 

re \WW;v^v 

!Ni (electrolytic)(6) 

Cu Ulectroiytiö) (6) 

Tensile 
Elonga-   Strength, 

Density     tion. %   Annealed 

1.54 

1.74 

2*70 

2.70 

4.5 

7.87 

8.9 

8.94 

53' 7000 

18       35,000 

43-55 7000-7800 

25-35 114OD-12000 

35 . 60,000 

40 

49 

53 

29,000 

48,000 

33,000 

Strength 
Weight 

Ratio; TS/d 

.4500 

20,000 

2600-2900 

4200-4400 

13,000 

3700 

5400 

3700 

The conclusions that can be drawn from these data are that pure face- 

centered cubic calcium has a lower tensile strength-weight ratio than 

the hexagonal close-packed pure metals, magnesium and titanium, but 

(1) P. Bastieri, "Properties of Sublimed Calcium", Rev. Metalle, 32, 
Part I, page 120,. 1935, 

(2) G. Chäüdroh, Reine Metalle, p. 119, 
13) R» Gadeau, Reine Metalle, page 157. 
7'7v) ••-1. Campbell, It. I. Jaffee, J. M. Blocher, J. Gurlahd, and B. W. 

Gönseft, Electro'chenu So*. P*.«^„~4.-J -±   -• — 
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that its strength-weight ratio is about the same as that of the common 

oubic metals, iron, nickel, copper, and aluminum. It is of interest 

to note that 99.5$ Ca has a ratio about twice that of 99.996$ Al, but 

about equal to that of 99.5$ Al. unfortunately, extremely high-purity 

calcium, equivalent to 99.996$ Al, has never been prepared,, and, hence, 

its strength is not known. It does not follow that its strength would 

be decreased appreciably, beoauee the tensile strength of some metals, 

copper for example, is not influenced by impurities so much as alumi- . 

num. 

Additional comparisons of calcium with other pure metals and 

some alloys, on the basis of design factors are also shown in Table 1A, 

In general, except for its very low modulus of elasticity (E), calcium 

compares favorably on a ratio of tensile or yield strength to density 

with either pure aluminum or pure iron, but very poorly with respect 

to aluminum or iron..alloys« The strength of both iron and aluminum 

is enormously increased by alloying. On a strictly weight basis, the 

bending moment allowable of pure calcium is very poor for transverse 

loading, but, because of its low density, becomes quite satisfactory 

when loaded axially. 

Presumably, alloys of calcium would also show greatly increased 

yield strength and tensile strength (favorable alloying might easily 

increase the yield strength 20-fold). Absolutely no information is 

available on the hardness or mechanical properties of calcium alloys, 

nor is there any indication of the probable effect of alloying on the 

-Young's Modulus ^alue. 
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The stress-strain curves reported by P. Bestien^1) showing a 

comparison between calcium, magnesium, aluminum, and lead are of little 

practical use, as no units of elongation are given. The curve for 

calcium lies between those for aluminum and lead. Eastien used cy- 

lindrical specimens, 0,315-inch (8 mnu) diameter. He notes the rate 

of- loadihg^as 0.15-7 ineh  (4 mm.) per minute... The gage length of 

the specimen is not given, but was probably 10 cm. (approximately 4 

inches) from other data given, Using the experimental conditions 

noted, he obtained? 

£a    Fb '   Al« , 

Ultimate strength, jp.s.i./lO3     6.26  2.56   8.53 

Elongation, % 53    43    25 
* 99.6%  Pure 
He hofced that the necking down of the calcium specimens ex- 

tended 2.5cm. (about one inch) on either side of the break? compared 

with 1,5 cm, for aluminum and slightly more for lead. From this, he 

concluded long tensile specimens weire necessary. 

It will be noticed that the tensile "strength of heavily cold- 

worked calcium is approximately double that of the annealed material. 

This again is in line with the experience with other ductile pure 

metals,.so that the strength-weight considerations are not changed by 

cold working. 

Concerning the two yalues of modulus of elasticity found by 

Bastien, the value of 2,800,000 p.s.ic, obtained by measuring the 

(fi) Bästieh, P., Rev. Metalurgie, 3j2, (1), 129 (1935). 
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extension between two known loads, is preferable to the value of 

3,700,000 p.B.i. obtained by the pendulum method, because the loading 

method which was used tp obtain the 2,800,000 value is closer,to the usual 

method Used, The absolute value of the modulus is low, but appears to be • 

in line with the correlation of modulus with the melting point divided by the 

square of the atomic volume (calcium has a relatively large atomic volume), . 

No information is available on the type of iopact fracture 

found with oalcium, whether ductile or brittle. The values of 2,2-25 

ft,-lbs. for the Mesnager specimen, which is similar t© the keyhole 

Charpy specimen, indicate that the metal is relatively tough. 

Bastien(l) ran hot compression tests on cylinders of calcium, 

10-rm,  diameter and 20 mau high, from room temperature to SOO^C, The 
if 

load (units not given, but probably metric tons) required to reduce' 

the height by 5056 is shown in Curve A in Fig, 1, There is a dis- 

continuity at 450°G», which sas taken by Bastien as resulting from 

the allotropic modification of calciua,. The high-temperature form of 

calcium appears to be considerably more plastic than the low-tempera- 

ture form. Curve 3  shows the Brinell hardness of the compressed cylin- 

ders after cooling to room temperature. The recrystallication tempera- 

ture appears to be between 150?C. and 300°C. from these data. 

It is unfortunate that Bastien did not give the units for . 

Curve A. If they are metric tons the compressive strength of calcium 

at room temperature is quite high. Assuming oonstant volume and a 

(1) Bastien, loe. cit. — 
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compressed cylinder of half its original height, the corapressive 

strength' at room temperature would correspond to  3500    = 
/ . (.7854)(2)(10)2 

22 Kg./nim.2 -('31,500 p.s.i,). Based on the original cross section of 10 

_".. ..!PU-.#..%&& QomprÄss.lve strength would correspcad to twice that figure. 

-Bastienalso gave data for the start of plastic flow in compression, 

= At room temperaitüfe this "amounted to 0.5'load "unit. Assuming that the 

load was measured in metric tons* this would correspond to a compressive 

yield of 
•• (.785S 

SQQ;.,^ '= 6.4 Kg./mm.2 (9,100 p.s.i.). ¥tm 
General Appearance 

Calcium is an alkaline earth metal closely resembling strontium 

and bar-ium in its chemical behavior* Whan pure? it is silvery white in 

colory but with a whiter color than silver when freshly broken. How- 

ever, it= oxidize*? rapidly, soon becoming covered with a white non- 

jnetailic-t -film« 

Electrical Properties 

Resistivity 

Temp.,    Resistivity, 
°Co       Microhm^cm. 

Q 

i20 

20 ' 

4.6 

4.53 

Conductivity, 
-%  IACS 

50,4 

37.6 

38 

Reference 

Goodwin, J.A.C.S., 27, p. 1/03 
(1905) "" 

Swisher, 1917 

Everts and Bagley, 1948 

J 
I 

too 200      300 

TEMPERATURE, °C 

00 900 

FIGURE   I.     CURVE A. LOADS  REQUIRED TO COMPRESS CYLINDERS OF CALCIUM 
TO 50%  OF ORIGINAL HEIGHT AT VARIOUS TEMPERATURES.    CURVE B. 

ROOM-TEMPERATURE  HARDNESS OF COMPRESSED BARS.    DATA 
FROM BASTIAN (REV MET. 32, 1935, 120): 

12 13 

*•1 *. 
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The conductivity of calcium is very high on a length-rweight 

* "basis': taking '.calcium as 1005?,. the~conäuctivity of silver is 32. 5# 

:vMa'ntei;x and Hardy). 

femperatur^-Coefficient of Resistance 

Temperature 
„Range., °C.   Coefficient Reference, 

Not given 0.00^57    Goodwin., JJl.C.S., 27, p. M03, 1905 

Electrochemical Equivalent 

Reference 

2        0.20767     Handbook Chem. & Phys., 29th Edition 

Calcium is electropositive to the alkali metals, and electro- 

negative Ho all o.ihers. Its electrode potential is -2.87 volts. 

Ionization Potential 

The ionization potential is given in Volts for the element cal- 

cium in the atomic slate. The degree; of ionization is indicated by the 

Roman numerals: >' 

I     II,-      III     IV 

Vplts 6.09   -11.82     50.96 '   69.7 

(l) Händbook Chem. and Phys., 26th Edition, 1942-194.3, 

U 

Thermal, Properties 

Melting Point 

' Temp., C . Refer-ene© I 

Antropoff and Falle, Z. anorg. allgi Chem., 18?,, page 415^ 
1930. ' . 

851° + 1° 

810° *      -  International Critical Tables 

* This value is undoubtedly too lov. 

1 
Boiling Point 

Temp., C. 

1^39°+ 5° 

1170° 

1240° 

Reference 

Hartmann "and Schneider, Z anorg. allg-., Ghem.., 180, page 
283, 1929.  . .*" 

International Critical Tables. 

Handbook of Chem. and Phys., 19^7, page 39I, Chem/ 
Rubber Publishing Company. 

Vapor Pressure 

Temp., °C. ' Vapor Pressure, mm. -Iß 

300 9.6 x 1C"8 / 

koo 4..2 x 10~6' 

500 3.7 x 10~4 

600 1.2 x 10"2 

< 700 0.19 

800 1.8 

900 10.6 

1000 ^7.2 

Reference 

Pilling, N.B./J. Inet. Metals? 
25, 170 (I92I), 
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\~&~    ^' ~" 

*      .     ~~~    ,               T 

9. *'°       '   'i1": :'p 
"',"'.'• 

o   VSo," 

?,"    -g      (; Specific 'Heat 
-o"   - '   -itf; "ött«*^^t««**^ •—- 

<5»;         ,. v. Temperature Ranee, °C, Specific Heat, cal ./* 

;' -" •••. 
-185 to 20 . 0.157 

> 
';       * 0,tg iOQ'    i 0,149 —- 

latent Meat ,of Evaporation 

Reference 

:Mantell and Hardy, 
Calcium Metallurgy 
and Technology 

Latent Heat, of Evaporation, 
, Calories- per Mole 

--4.53 x 10~4 

Reference 

Rudberg, Phye. Rev.,46, p. 763, 1934. 

Entropy 

Pressure-,  Entropy 
State  Tempera tuT'e.^C,  Atmosphere   e.u. Reference 

Solid 

#apor 25 

9.^5^0.1 IKelley, K.K., Bull« 
I  No. 434, u» S. 

37.00+0.01  Bureau of Mines 

linear Coefficient of Thermal Expansion 

Allotropic 'Coefficient of 
Temp« Ranee, Q-C. ,       Form    Expanslon/°Qt ", Reference 

20-100 

300-440 

450-500 r 

25,2 x 10r6 

29.9 x ICr6     < 

29.9 x 10-6 

r 
Bastien, P., Rev. de 
Met., ,22,(1) page 
127 (1935). 

Atomic Properties 

Atomic.Numbag 

Atomic number 20 

Atomic Weight 

Atomic Weight  40.06  International Atomic Weights, I942; 

Electronic Atomic Structure 

Calcium is a normal metal in group IIA of the periodic system" 

with two valence electrons. The electrons are arranged dn orbits ©f 

2-8-8-2 electrons in the K, .L, M, and N shells, respectively. It 

exhibits a valence of.two in all of its compounds, including both the 

oxide CaO 'and the peroxide CaG£ • 

Principal.and Secondary Quantum Numbers» 

i "j.'   1 

N=l JbSL N=3 

^    &Q  i& 4^0  4=k 4=& 
No. of electrons   2   2   6   2   6 

N»4 

2 • 

Electron shells 8 8 
* W. Hume-Rothery, "The Structure of Metals and AiloyaB, Institute 

of Metals and Monograph and Report Series No. 1, 1936, page 10» 

Crystal Structure* 

Type of structure 

Coordination No. 

Lattice constants, a 

c - 

Interatomic distances,, d^ 

'"" d2  - 
Goldschmidt's atomic diameter 
for coordination No, 12 

F. c. cube 
C. p. hex»** 

<?/a=l»6-J,8 

12 
5.56 

6,6 
3,98   > 

6.52 

3.93 3.98 

3.99 

3.93 "3.98 

*  From Hume-Rothery, Ibid,, 193o, page 41, 
** The hexagonal modification of calcium is stable above 450°C, and 

all of the figures given in this column refer to temperatures just 
above the transition temperature. 

.- 16. 17 
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Ä. W, Hull, Phys. Rev., 17, (2) 42 (1921) from X-ray measure- 

mehts öf calcium found a face-centered cubic lattice with four atoms 

per elementary cube, a side of .which is 5,56 51 and the smallest inter- 

o 
-atomic distance is 3.93f A. 

Allötröpic transformation 

*- Phase 

o 

'Stable at 
Temperatureff °C. 

- ,   <260« - 

•260-440 

>44o 

* <450' 

»  > 450 

FCC.^s^HOP 

Transformation 
''  temperature' 

430 to 450 

Observer 

?P, Bastien, Rev.-de Met.,,22, (1) -page 
124 (1955) 

L. Graf***, Metallwirtschaft, 12, 649 
(1933), Physik. Z» i£, 551 (1934)' 

Schulze and- Overberg, Metallwirtschaft 
12, 633 (1933) 

*   "Despite the evidence of a transformation somewhere between 240° 
and 300% the lattice type between 300° and.450° has never 
been definitely determined." (Mantell and Hardy, Calcium 
Metallurgy and Technology, Reinhold Publi&hing Corporation, 
1945 o) 

** »The existence of the body-centered lattice seems to depend on 
~ impurities, and it is believed thaVabove 450° the lattice of 
.pure oalcium-is hexagonal close-packed.". (Ibid,) 

***.. Graf used-calcium 95..4$ Ca. 

18 

Density: 

Density 

1.55^) 

1.542 ± 0.0005^2) 

li545<3> 

1.540^ 

1,48(5) 

1.52(6) 

Reference 

Handbook of Chem. and Phys., 1947, page 391, 
Che». Rubber Publishing Company * 

P. Bastien, Rev. de Metallurgie, 32, (1) 127 
(1935) 

Blitz and Wagner, 21. anorg. allg, Chem,. 1^4, 
3 (1924) 

Slack, Coap. yend.,192. 421 (1931)' 

/Graf, L., Metallwirtschaft 12, 649 (2933) 
(^Physik, Z. 25,  551 (1934) 

(1) At 20°C. referred to water at 4°C» 
(2) At 20°C. 
(3) At 25°C. referred to water at 4°Ci 
(4) At 17.2°C. referred to water at 4°C. 
(5) £ - calcium, wire extruded at 450°G. 
(6) {3  -> calcium> wire extruded at 480° 0. 

* . - - <i 

ppmpressibiljty . 

The compressibility or percentage change in Volume with unit 

change in pressure of one megabar (0.987 atmosphere) 14.504 p.s.i.) of 

calcium is' ':        , 

cubical, at 30°, 0 atm./? <= 5.885 x 1CT6 

cubical, at 30°, 11,600 atm. /3 » 5.300 x 10"6    * 

cubical, at 20°, 99-343 atm./? = 5.8 x 10~6 „• 

where /?  = 1 x dj fee,,-) 
vol. cm.       dP (atm.) 

at 20°, 100 to 500 megabars per .sq. effl., 
compressibility = 5.7 x 10-6(2) 

References» 1. International Critical Tables, 3, .46 (1928). 
2. Richards, T. W., J.A.C.S., 22,  1643 (1915). 
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Chemical and Corrosion Properties 

"" porrosion Properties 

The resistance of metallic calcium to corrosion was studied 

at some length by BastianW. Actually its resistance is extremely poor 

•.•.Against most reagents.: G. Ghau&ron'2' has pointed out that calcium, 

like magnesium, is attacked by water and dilute acids by a purely • 

; 'chemical process. For this reason, the effect of impurities is often 

less marked than in many other metals. However,  Bastian^ ' says that 

the resublimed metal^ remelted under argon, retains a brilliant white 

color for a long tisie when exposed to dry air. Exposed to humid air 

it becomes progressively covered with a chalky white coating, but that 

.this QOETOSIöQ is slower and a great deal more uniform than it is with 

more impure1 metal. 

Using a corroding medium of one per eent hydrochloric acid 

v :(.d=l»19)» in 95°  aleehbi, Bastion obtained straight-line curves to rep- - 

resent the equation^ = /~(t), where/3 = loss in weight of the specimen 

and t is, the time„,„ For the three, grades of ealcium he used (sublimed 

calcium, 99»3#"0ai electrolytic calcium 98.5/6 Caj commercial Ca 86,7% 

Ca) the loss in weight after ten hours was found to be: 

sublimed calcium: 116 mg./cnu2 

electrolytic calcium: U7 mg./cm,2 

commercial calcium: 120 mg»/cm.2 

(1) Pi Bastien, «Properties of Sublimed Calcium", Rev. Metallurgie, 

G."Chaudronv'fQalcium«, Reine Metalle,A.E. Van Arkel, Berlin, 1939. 

20. 

The impurities in electrolytic calcium are largely metallic, 

while those of the commercial variety are for the most part calcium - 

chloride „and lime, which blanket the calcium crystals, retarding cor- - 

rosion. Figure 2 shows graphically the results of,these experiments. 

Figure 3 shows the- relative rate Of corrosion in; distilled 

water and various acid concentrations, as measured by the rate of gas 

evolution produced by a cylinder of sublimed calcium 3-mm, diameter 

by 8 mm. long submerged in the corroding^medium. 

Figure A is similar, but shows the volume of gas given off in 

the first fifteen seconds in an acid of given dilution. It is evident 

that sulphuric acid has a much less corrosive effect than, hydro-. 

Chloric or nitric because of the formation of nearly insoluble calcium 

sulphate which clings to the surface. Milikam^) has reported the 

existence of several hydrated chlorides whose solubilities are differ- ' 

ent. This probably explains the sharp minimum in Curve II of Figure 3 

at 0.05% HC1, since this may correspond to the formation of a hydrated 

chloride with a low solution rate. The rate of attack in nitric «eld 

shows a minimum with about % acid and a maximum with about 1% acid 

concentration. Moissan'2^ and Basset and Taylor'-" have studied the 

rate of attack of calcium by nitric acidj Bastion's curve confirms thefr_ 

findings» As in the case of the hydrated chlorides mentioned previously, 

the nature of the hydrated nitrates formed and the rapidity of their 

diffusion influence the rate of solution of the metal. 

(1) Milikan, Zeit. Phys. Ohem., 92-406 (1916-1918). 
(2) Moissan, Annalesdechim Phys., 7-18-295 (1889). 
<3) Basset and Taylor, J«ur. of Chem. Soc, 101, 576 (1912), 
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*56 
TIME,   HOURS limb,   nwrts 

FIGURE 2..    COMPARISONS  BETWEEN THREE  GRADES  OF  CALCIUM,    BY   MEANS OF THE 
THYSSEN3BOURDPUXHE „APPARATUS,   IN   1% HYDROCHLORIC   ACID  IN ALCOHOL SOLUTION 

•2001 1   —  -, i r^  

30 60 

FIGURE^ 3.    CURVES OF GAS  EVOLUTION  AS A FUNCTION  OF TIME 

9°nUe 
lzo ~~^     ieo~~~£lo~ 

TJME,  SECOHDS 

M 

i        i i/fe       e       2 i/2 
TIME,   MINUTES 

FIGURE 4.     GAS EVOLUTION AS A  FUNCTION OF TIME: SUBLIMED CALCIUM 
ATTACKED   BY  DILUTE SOLUTIONS OF CAUSTIC  SODA 

2 240 

„f 220 
o 
6  200 o u 
°   180 

] 

DILUTED  K2S04 

6 I I    Q: 
30 «0 50 60 TO 

ACID,   VOLUME  PER   CENT 

80 90 100 

FIGURE   5.    RATE   OF ATTACK ON SUBLIMED CALCIUM  IN AQUEOUS 
SOLUTIONS   OF  MINERAL   ACIDS 
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y- .;     Figure. -5 shows ths results of a similar study of the rate of 

•attack in solutions' of sodium hydroxide, in solutions containing 100$ 

to M$ by volume of hydroxide, the rate of attack is slow. In from 

1$ to (# oaüstic soda solutions the rate of attack increases as pure 

. water is approached, and, somewhat curiously, in dilute solutions the 

rate of attack begins slowly and then accelerates to equal that ob- 

tained in distilied water.,. 

In general, the resistance to corrosion of metallic calcium 

is poor against water, moist air, all acids, and dilute alkalies. 

Miscellaneous Chemical Properties 

Calcium and carbon react exothermically when heated together 

to form calcium carbide (CaC2), a white solid when pure' '. 

Calcium metal does not react with dry oxygen at room tempera- 

ture, but combines rapidly at 300°0. or above. Similarly, it reacts 

slowly with dry nitrogen at 300°C., but the reset-ion becomes rapid at 

9Q0°C» 

Dry chlorine or bromine does-not attack the metal at room tempera- 

ture, but the reaction becomes violent at 400°C. or above. 

The hydrld%, CaH2 is rapidly formed with hydrogen at 400°C. 

with evolution of heat. Higher yields of CaH2 are obtained at lower 

temperatures (25ü°G, is optimum), although the reaction rate is slower. 

Mantel! and Hardy, »Calcium Metallurgy and Technology». Reinhold 
Publishing Corporation, New York 
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The avidity with which calcium reacts with water is made use 

of to remove the last traces of water from absolute alcohol. Also, 

when very high vacuum is desired, metallic calcium^ heated in a tub» - 

connected to the evacuated system, takes up the oxygen end nitrogen, 

thus reducing the pressure in the system to very low values. Gal%iuo 

does not take up argon; hence it is used to separate argon from nitro 

gen. It reacts in moist COg to form calcium carbonate, but when rapid- 

ly heated in CO2, lime and calcium carbide are formed. Heated in , 

ammonia, calcium forms the hydride and nitrogen. In the cold, calcium 

reacts exothermically with ammonia to form Ca{NH,)g, which is eon- 

verted to Ca (1^2)2 la "the absence of air. 

A large number of natural compounds of calcium exist, of which 

limestone (CaCC^) is the most important. 

Liddell(l) mentions the following compounds%  calcium bisulphat», 

bromide, oarbide, chlorate, carbonate, chloride, fluoride, hydroxide, 

hydride, dodide, nitrate, nitride, oxide, phosphate, sulphate, sul- 

phide, sulphite, and tungstate as having some commercial application. 

ALLOYS OF CALCIUM 

Fundamental Considerations 

Size Considerations 

Calcium has a large atomic size, the face-centered cubic form 

having an interatomic distance of 3.93 aagstroms at room temperature* 
(1) Liddel-lj Handbook of Nonferroüs Metallurgy, McGraw-Hill Book Co., 

Inc., New York. 
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'So 
and the high-temperature hexagonal-close-packed allotrope having an '?• '   • 

interatomic distance öf 3.98 just above 450°C. The.bulk of metallic 

"atoms have interatomic distances located between 2,3 and 3.0 angstromss 

which arf too small for extensive formation of solid solutions, accord- 

€ng to*Hume-Röthery's size factor rule. 

Table 2 lists the interatomic distances of the elements and 

their differences from the interatomic distance of calcium. 

jiübstiiutional Solid Solutions. Using the customary +15 per cent dif- 

ference in interatomic diatanoe as a criterion of a good-size fit, 

the only elements which are"close;enough to calcium in atomic size to 

i be expected to form solid solutions in calcium are the followings 

barium    <10jo 
„. ..  . , /cerium    ~?»5% 
Misch metal |iaAthanum _# 

»•   '"     lead -1156 
strontium +9$ 
thallium -135& 
yttrium -856 

fior.der.lihe -.cases* between 15 and 20 per cent difference in atom sizes, 

are the following) 

hafnium  - -1956 
'° - -. indium -20% l 

potassium +18$ 
zirconium -1956 

interstitial Solid Solutions. It is customarily believed that only 

transitional metals (those metals with unpaired d-electrons in their 

inner orbit) form interstitial solid solutions, and these with small 

elements: whose interatomic distances are 0.59 or less than that of the 
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metals: themselves« For the transition metals these small atoms are the 

__"_ metalloids, carbon, nitrogen, hydrogen, and oxygen. 

Since calcium has a very large atom size, it may be possible 

,.-;,, that some of the small* metallic atoms will-form interstitial solid solu- 

tions'with it. The last column in Table 2 lists the ratios of the 

interatomic, distances of the elements' to that of calcium. These ele- 

merits in the order of increasing ratio are: 

hydrogen 
oxygen ' 
nitrogen 
carbon 
boron. 

. beryllium 
silicon 

0.12 
0.34 
0.36 
0.39 
0.46 
0*57 
0.60 

There is only a slight possibility that these elements can go into soltn 

tion in calcium. 

Valence Considerations 

According ;to Hum'e-Rothery's relative valency rule, other things 

being squaly the solid solubility of metals with electronic valences 

(number of electrons in outer orbit) higher than calcium should be 

larger irr calcium than the solid solubility of calcium in them. Cal- 

cium has. an electron valence of two. Thus, the solid solubility of 

lead in calcium should be higher than the solid solubility of calcium 

in lead. 
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Electronic Bonding Considerations 

Calcium has a normal electronic structure, and is bonded.to- 

gether by purely metallic electron bonds. Therefore, it cannot be ex- 

pected to alloy well with the transitional elements, which have un^ 

paired d-electrons inside of the valency electrons; and are bonded by 

d-bonds as wall as metallic bonds. In other words, the exchange forces 

betwee« the atoms would be broken if extensive alloying took place be» 

tween calcium and transitional metals. This eliminates metals like 

iron, nickel, titanium, zirconium, eolumbium, tantalum, chrc3d.ua, 

molybdenum, etc., from consideration as potential elloying elements 

with calcium. 

Alloy Syatama» 

Silver-Calcium Alloys 

The constitution diagram p£ the 8iiver=ealciul alloys accord- 

ing to Hansen^1' is shown in Figure 6. This shows a euteetic at 60s5Jf 

Ca, melting point 470°C. with no solid solubility and a compound at 

47% Ca (AgCa2)« At the silver end there is no solid solubility and 

a eutectlc at 5.755 Ca, melting point 653°C. between silver and Ag^Ca. 

Mantell and Hardy, W  quoting Degard.(3) note than an X-ray study of tho> 

silver-calcium system gave no indication of the compounds AgC«2* 4S2^*> 

or Ag^Ca. The compounds AgCa (face-centered cubic, with a • 9.07A) 

* Numbers in () refer to references at end of section. 
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and Äg^Öa (tetragonal/, with c/«'•« 0*88* and c = 9.96A) were found. The 

diagram-as- given was constructed by BtfarCw from thermal and micro- 

scop.ic measurements, and appears to have been checked by Kremann, 

'"Wdstali ahd;Sehöpfer(5) by potential measurements. No real investi- 

gation of the solid solubility relations at either end of the diagram 

has been made,, There remains a possibility of considerable solid solu- 

ibility a&the calcium end of the'series. 

It seems probable that the•compounds formed are ionic and would 

make no useful alloys« , 

Some commercial applications of the' 2,5/6 and 3%  Ca-alloys have 

•been made in electrical contacts. Little is known of' the high-calcium 

alloys,» 

The aluminum-calcium diagram from Hansen^1) is shown in Figure 

7, The diagram shows two eUtecties, one at 73$ Ca (melting point 54'?° 0») 

and one at 1%5% Ca (melting point 6l6cGa) and two compounds, AlgCa 

|42.62£ ;Ga) and A^Ca (33,02$ Ca), The latter has a suppressed maxi- 

mm$  decomposing ajfc. ?Q0?C* to liquid and Al^Ga. The latter compound 

melts-jit i079°C.s-and is-unusually stable« Nowotny, Wormnes, and Mohrn- 

r
:hedm\»/-- assumed that what is Supposed to be, AloCa is a peritectieally 

formed mixture of AljjCa plus aluminum, but Einerl and Neurath^8) re- 

port the existence .of A^Ca, The diagram as given is from Matsuyama(7) 

and; practically cheeks ah earlier determination by jDonskiCw except 
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FIGURE   7.     THE  ALUMINUM-CALCIUM   SYSTEM,   ACCORDING  7^ HÄNSEN(,) 
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a$ the latter placed the* high-aluminum eutectic at 610* C. and the de- 

composition point of Al^Gä at 692°C. Matsuyama shows a solid solu- 

" bility of calcium in aluminum of 0,6^ at 6l6°C,, falling to 0.3$ at 

room'temperature. No solid solubility of aluminum in calcium is reported. 

Mantell and Hardy'^' ]±&%. a large number of patents of alumi- 

,_ hum alloys containing up to 2% calcium, and the list is still incom- 

plete« No use has been suggested for high calcium-aluminum alloys, 

..•Arsenic-pal'c-iüm- Alloys 

•K.. Calcium arsenide, OajAsg (44.5$ Ca) was prepared by l@beau(9) 

by direct synthesis and also by reduction of calcium arsenate, 

Gä3:(-ÄsÖ^)2, with carbon, in 1899. Available literature contains no 

other reference to this alloy system. 

.ß. 

The binary alloy diagram, Fig. 8, p. 37? from Hansen, W- pre- 

pared by.Weibke and Bartels.(3-0) shows a »eries of six compounds with four 

euteotics.•. At the calcium end of the diagram, considerable solubility 

.(about.13$) of gold in calcium is indicated and a eutectic at about 

&7li5% Ca melting at 658°C. The compounds AuCa^ (28.92% Ca) and A^Ca^ 

(21.3256 Ca) both-have, suppressed maximums. The highest melting com- 

pound (melting point 1015°C.) occurs at 18.435? Ca, Corresponding to 

AugGajo» The authors were quite certain that this was not AuCa 

(46.89#"Ca). The effect of gold on the- inversion point of calcium at . 

34 

450° C. was not investigated. More work is needed at the calcium end of 

this system for confirmation and revision. 

Boron-Calcium Alloys 

Little is known of this series. Hansen' *) quotes Stackelberg 

and Neumann(3-3-), saying the boride of calcium has the formula GaBz 
p. 

with a cubic CsGl structure and a B$ space group (one aoleeul» in ale- 

mentary cell). They state that the metallic character is evident from 

the electrical conductivity. --   " 

Mantell and Hardy{2} give the melting point of calcium boride 

as about 2000°C, It does not react with water, hydrochloric or hydro- 

fluoric acids, but is decomposed slowly by concentrated sulphuric acid 

and energetically by nitric aoid„ The compound scratches quartz easily 

and is just able to scratch rubies. Kroli and Jensen(-2) have prepared 

the pure compound and state that it has nearly the theoretical compo- 

sition 61.84% boron, 38.16% calcium, and its-density' is 2.42. It is 

claimed to be an effective deoxidisser for steel, copper, and their 

alloys. - 

Barium-Calcium Alloys 

An X-ray investigation of * this system was reported by Klemm 

and Mika'1^), They found a wide range of solubility of calcium in 

barium, the maximum being 63.4$ Ca. A narrow two-phase field extends 

from 63.4$ to 68.8# Ca, and the maximum solubility of barium in calcium 

is 31.2% Ba. 
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high nitrogen content» Donski predicted an appreciable solubility 

of cadmium in calcium from the extent of the eutectic line at 415° Ce 

which he was able to detect by thermal-arrests^  

From a theoretical standpoint* more work is needed in this 

system; From the standpoint of corrosion resistance, the alloys 

appear unpromising, even if the melting point of the eutectic were 

considered high enough to make the alloys valuable.        4 

The alloys of calcium with cerium are hard, white, stable in 

air, and strongly pyrophoric, according to Smith Hopkins'"', (phe 

calcium content of these alloys is not given. Nowotny(64) gives X- 

ray lattice constants for CaNig and LaNi5. For CeNic, a » 4«664; e/s •-•» 

I.644, d ~  8,74; for LaNig, a = 4*952, c/a = 1.616, d « 8.37. Cerium 

is one of the elements whose atomic volume is a close match for cal- 

cius, making alloying possible. Some further study of this system is 

desirable. 

Calcium-Copper Alloys 

Although the Institute of Metals bibliography of the consti- 

tution of alloys'1^ gives a number of later references, no new dia- 

gram has been made since that of Baar^) in 1911, here taken from 

Hansen'•*-) and shown as Figure 11. All of the later work is at the 

feiSil; S&fc S.IäY^ a\ • 
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copper end of the diagram, where the alloys have considerable com- 

mercial importance. The eutectic at about 38 par cent calcium (meiW 

ing point 560°C.) is between calcium, and the compound CaCu.« The * 
"- 4 

eutectic alloy is quite brittle. There appears to be considerable 

solid solubility of CaCu, in calcium. Baar found- the inversion point 

of calcium raised to 482°C.4:7°C. between 9QJ6 calcium and l&j» calcium. 

Below 40$ calcium the Inversion point line on the diagram is indefi- 
nite. 

Hauckev2^) found the intermetillic compound was CaCuc, hot 

CaCUy, by X-ray determination of the structure. 

The probability of finding a useful high-calcium alloy in 

this system is based-on-the-validity of the extensive solubility of 

copper in beta-calcium reported by Baar. Even if the alley were use- 

ful, it still may have poor corrosion resistance, 

fialciunHlron Alloys '•*•' 

Quasebart'2*' and Watts^22' were each unable to alloy calcium 

with liquid iron. Attempts to interdiffuse calcium and iron at 7$0°C- 

770°C. and at SSC^C-SSOC. were also unsuccessful«, Watts said defi- 

nitely that iron and calcium do not alloy. Ledebur(*3) / Stockem^), 

and Wener'2-*' also obtained negative results in attempts to make cal- 

cium-iron alloys. 

U 
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«.Cal'cium-fercury Alloys 
'"• r. ' " •} 

;,""    Hansen^ shows tito rather different constitution diagrams in 

the range of 90% mercury and over, but does not discuss high-calcium 

-alloys of this system.-at all, apparently, because the mercury boils off 

before" alloying» 

Calcium-Lithium Alloyp 

The-equilibrium: diagram of-calcium-lithium alloys was in- 

vestigated by Zämotoriav2p) ( uho made, cooling curves using a special 

furnace with an argon atmosphere and a Kurnakow pyrometer. He de- 

termined a peritectic Ca + liquid——>Ca2Li at 22$°G. Ca2Li and Li 

form ä eutectic mixture at l65°C, The maximum hardness corresponds 

to Gä2M, Nothing is reported about the stability of these alloys. 

The diagram corresponds to Type Illb in Jänecke'st27) system 

of classification of equilibrium diagrams, 

(Zämötorin's original article is not available.) 

•" Calcium-Magnesium Alloys 

The calcium-magnesium 3ystem has been investigated in certain 

ranges by many authors, but the only available data for the high-cal- 

•• cium end of the system are those of Baar^28) and Hansen^1), which are 

shown in Fig.12, p.2»5. Baar used calcium with 0.55% Al - Fe, 0.28^ Si, 

and unknown, but presumably rather high nitrogen, and made his melts 

under hydrogen in Jena glass tubes. As a result of this technique, 

- - • .*. J-. .u. *. ,i.v, .... i^^s^^^ä,,^ 

considerable error in temperatures is probable at the, high-ealciua end. 

He did not investigate the solid solubility of Ca^Mg/ either in ealoium 

or magnesium. Haüghton'2^) has shown 1.8% calcium dissolves in mag- 

nesium at 517°C. and 0,5% at 250°C. Quite similar results were re- 

ported by Nowotny, Wormnes, and Mohrnheim(30) * Lbomis^l) Deports 

that a few per cent of magnesium in calcium hardens the metal and 

stabilizes it somewhat. 

Only one compound is formed, determined as Ca^Mg, (melting 

point 720°0.) by Baar, The existence of this compound, was confirmed 

by Kremann, Wostall, and Schopfer(32)s Paris' 33-) believes the compound 

is Ca^Mgj (50,3% Mg) instead of Ga3Mg^. However, Vosskuhler'34/^ \% 

thermal analysis and micrographie examinations of calcium-magnesium 

alloys with up to 60% Ca, found only one compound Mg2Ca (melting point 

714° C), A eutectic between this compound and magnesium was placed 

at 16,35& Ca (melting point 5i6°C.). A eutectic melting point between 

MggCa and Ca was determined at 445° C. He reported the solubility of 

calcium in magnesium as 0.10% at 300°C.,^ 0.29% at 400°C, 0,66% at 

500°C, and 0.78% at the eutectic, or considerably less than was found 

by-Haughton. 

Although magnesium additions cannot be expected to form 'stable 

alloys with calcium, the addition of magnesium in amounts of less than 

10% (so as not to depress the melting point unduly) might be quite de- 

sirable in an alloy to be protected by cladding with a stable metal or* 

plastic coating. 
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jQä'icium-Nickel Alloys 
'-{•'• - 

Information on this system of alloys is very incomplete, and 

the solubility is probably similar to. that of iron. NowotnyC6^) gives 

X-ray lattice constants for GaNiej a * 4-«952, c/a = 1.616, d = 8,37. 

The ^addition of small amounts of calcium with other elements, partic- 

Ulariy: zirconium and aluminum, to nickel alloys is said to increase 

the useful life of high-resistance, nigh-temperature alloys. Calcium 

is useful as a deoxidizing agent for nickel (calcium-silver alloy with 

or without cerium is used),' ' 

Calcium-Nitrogen-Alloys and the Meltinp Point of Pure Calcium 

. .Nitrogen combines with calcium to form the compound Ca-a^ with 

18,90% 8', The melting point of the compound is 1195°Co, according to 

Ahtropöff and Falk'^5)p whose partial diagram is given in Hansen^
1) and 

is shown in Figure 13. A eutectic with 2e25& N melts at 780°G» 

5 Unfortunately, most of the data on oalcium given in the litera- 

ture do not take into account the marked lowering of the melting point 

of .calcium,.by ä small amount of nitrogen which is almost always present 

as an impurity«, The Chemical Rubber Handbook(36) in at ieast all 

editions up to the 3Gth ( 1947-U_„as -well as most available tables in 

~rEnglish give the. melting point of oalcium as 810°C. Hume-Rothery(37) 

determined the melting point as 820°C by melting the purest calcium he 

,_ had available in an alundum crucible under argon containing 10$ nitro- 

gen. Re apparently did not appreciate the notable depressing effect on 

the melting point of a small amount of nitrogen. 
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;       /Antevpoff and Falkos,' obtained ealeiura with 0.06% nitrogen 

'I and 'determined: its melting point as 8A8»C.±1°C., and calculated the 

- Value !851<>C,jkl0«,i as the meeting point of chemically pure calcium, 

= •: Later,, Hoffmann, and Schulae^S) obtained some very pure calcium pre- 

* paröd by W. Kroll in the; Bel« Air Laboratory in Luxemburg,, assaying 

„ 99v.yf> Ca. Spectroscopic determination of Al, Si,. Mg, Fe, and G 

brought the; balance to 100%, Nitrogen was determined as 0.01%. Both 

the melting point and freezing point of this sample were found to be 

849° C- Other specimens with higher nitrogen content gave average 

values of 810°C, $1£G«, and 819°C, but the melting points and freez- 

ing points did not check.. By extrapolation, they agreed with Antropoff 

and FaUe that the true melting point of oalcium is 85I*C,:E1«C. (Simi- 

larly, they determined the aelting-point of strontium as 771OQ6 and 

barium as 704°G.) 

Hansen«•-..>> give» the data in Table 3 to indicate the effect of 

•*..w6w»«u-«uo iiioiniuK- puxnt öf calcium. 

. In view of these data, it must be pointed out that all of the 

earlier work by Donski and by. Baar who alone have made serious attempts 

to investigate a wide range of high-calcium alloys, is of questionable 

accuracy, especially is to melting points (and it also.affects solid 

solution ranges)• Both Donski and Baar worked with calcium containing 

about 0.55* Ai+Fe, 0^23% Si02, and undetermined nitrogen. Their alloys 

were melted in Jena glass, which was attacked by the high-calcium alloys 

M©F;bÄogen or no atmosphere. All of th«-.*. MBR_MI..4 n  

coveredwith oxide and sealer 

7T " 

'?.'''r^i'JX ,-•'.")'• :'i"V/< "'- • • i„'t<> 

*-»W»«i•S^^ ^I 

TABLE 3»    THERMAL ARRESTS OF CALCIUM, CALCIUM NITRIDE ALLOYS 

Ca. * 
Ca?^, 

N.* : 

Upper 
Arrest,, 
«C. 

Lower 
Arrest, 

PC. Remark^ 

Distilled Ca .03 0.06 848*4 

97,4 2.6 0.49 817 809 Technical Car 0.25 
Si, 0.15 Al, 0.26 
Fef Q863 Mg, 0,66 
MgCl3 

88.6 11.4 2.2 846 780 From sublimed Ca 

74.6 25.4 4.8 887 780 From sublimed Ca 

Ca3N2 100.0 18.9 <— 1195 (39) 

kt 
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Nitrogen has no solid sol\ibility in calcium, and forms no üse- 
- *   % - 
°ful :aildy«. ,      .• 

Calcium-SodiuiE Alloys 

"~ _' Over the range 14$ Nä to ^%  Na,, two liquid layers are formed 

bri meltihg." Hansen^) gives the equilibrium diagram of Fig.14« p. 50, 

fh£ data are taken from Rinck(^°) who used nitrogen-free calcium (melting 

pointy848°C#) and Lorenz and" Wiriger'^l? who used an impure calcium 

^melting point about 810°C.)* The liquidus line at 710°C. was placed 

at 70Q°C. by Lorenz and Winger. Metzger^', after melting sodium and 

-calcium in ä bomb at 9Ö0°C«. found two layers in the regulus, one of 

which assayed 18% "sodium, the other 80% sodium. Rinck reported that at 

710°C.;, the composition of one layer is 7% Na in calcium, and the other 

is 14%Q&   in sodium. He found a eutectic at 0.025°C. below the melting 

pc-J2»<-e* Sw-x'ja, *jÄ«?apO"j.a »ion shuns calcium and sodium to be miscible 

-.n a** proportions above 11O5°JG. , The inversion temperature from c\ - 

calcium %o /3 -calcium; at 450° C. does not appear to be affected, by 

sodium. 

 i.., *.. _~w~j,v »« ^•avAMj.xtai.a  ioji- cBi-uma oTiner mexts, calcium-sodium 

alloys would not be useful. 

Calcium-Lead .Alloys 

The löw-calcium alloys with lead have received considerable 

study which-is, reviewed quite fully by Mantell «'n<3 HOT^U) n  n< ~1_ 

cium (as Gaf^) is soluble in lead at "328.3°C, while only 0.0156 is 

Msa --.^»»«.^»«^isa^tw^^äöjjB^^jä^j—-s^esaaÄsft' 

^ 

soluble at room temperature, As a result, the alloys found are age 

hardened. Age hardening takes place quite rapidly at rööm tempera» 

ture. 

The high-caicium alloys with lead have not been investigated 

thoroughly. Hansen^1' shows the diagram of Figure 15, taken from 

Donski^3) ana Baar^'. No later determination is available. Donski 

and Baar both used calcium of the same grade, melting point 808°C.j, 

but Baar, using a hydrogen atmosphere, was able to melt higher oaloium 

contents. He found a eutectic at about 39% lead (melting point 700*0.). 

between calcium and Ca2Pb (melting point about 1110°C.)» The exist- 

ence of the V* -phase is somewhat doubtful. Donski placed a similar 

area of solid solution in the very similar calcium-tin diagram. Later, 

more careful work by Hume-Rbthery did not bear this out* The compounds 

Ca2Pb, CaPb, and CaPbo, are well established. 

The high-oalcium alloys of this series are extremely unstable,' 

corroding very rapidly in air. 

Calcium-Antimony Alloys 

The alloys of calcium with antimony were investigated by 

Donski^) only in the range from 91% Sb to 100% Sb. He found a 

eutectic at 91.5% Sb, melting point 585° C. Nothing whatever is known 

of the rest of this system. 

i>9 
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FIGURE    'A.       THE    CALCIUM-SODIUM    SYSTEM,    ACCORDING   TO   RINCK 
(40) 
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Calcium-Selenium Compounds 

' Calcium selenide is a nonmetallic substance, formula CaSe- 

(66,41$ Sa). Metallic alloys may possibly exist, but nothing of im- 

portance is known.of • the high-calcium alloys of this system. 

Calcium-Silicon Alloy's 

The literature contains a considerable number of references to 

this system of alloys, from F. Wohler in 1863 to Louis and Franck in 

1939» But only Tamaru(^) ^and L. Wohler and Schliephake^7' have 

attempted to make a constitution diagram. Thö data points of both of 

v these investigations are shown in Fig.l6, p.53 from Hansen^1'. Tamaru's 

alloys were strongly aitrided as he melted under ä nitrogen atmosphere. 

He shows the melting point of calcium as 803°C« Wohler and Schliephake 

used calcium 98,45% pure and silicon 99.-48$ Si. Their data are prob= 

ably somewhat the better of the two. 

Wohler and Juller' '.heated calcium and silicon at 1000°C. and 

obtained Ca^Si?« Heating Ca^Si^ in a stream of hydrogen at 1000=0. they 

obtained Ca.3i2, They claimed CaSi2 could not be formed by fusion alone. 

Louis and Franck'^) have substantiated the existence of CaSi, 

which forms at 1500°C, and is stable only at high temperatures, unless 

it is cooled rapidly (slow cooling allows decomposition into CaSi2 

and Ca), and Ca2Si formed by direct fusion at 1000°C*-, which also breaks 

down on slow cooling. 

FIGURE   15. THE    CALCIUM -LEAD   SYSTEM,    ACCORDING    TO    D0NSKI(43)   AND   BAARl44) 
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From theoretical considerations, as 'noted in another section 

of this report, there is small likelihood of appreciable solid solution 

alloying of calcium and silicon because of the great difference in the 

size of the respective atoms» 

These alloys are important deoxidizers in the.steel and gray 

iron industries« 

Qalcium-TinAllpys 

The calcium-tin system has been quite carefully examined 

throughout the entire range by Hume-Rothery(50) as Q part 0f his 

doctorate thesis« He used an argon atmosphere containing 10$ nitro- 

gen, but except for some lowering of the melting points at the high- 

calcium end, the diagram of Figure 17 from HansenW is probably re- 

liable. No evidence of solid solution has been found at either end of 

the diagram. Three compounds, are formed» Ca2Sn (59.70/6 Sn), CaSn 

(74.76$ Sn), and CaSn3 (89.89$ Sn). Two eutectiog are formed* one 

melting at 609°C. at 86%  tin between CaSn^ and CaSna, and the other 

melting at 759° between Ca and CaSn2» There is no solid solution area 

between any of the compounds, Hume-Rothery found that the tin and cal- 

cium combine with explosive violence at the melting point of calcium. 

All of the high-calcium alleys corrode very rapidly in air, water, or 

acids. 

Jenckel and Roth'51) appeared to find a maximum solid solu- 

bility of calcium in tin of 0.1$. 

The alloys have no commercial use« 
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Calcium-Strontium Alloys 

X-ray studies of calcium-strontium alloys have been made by 

Klemm and Mika^' and by Mng(53), Both found a continuous series of 

solid solutions from 100$ calcium (melting point 851°C.) to 100$ 

strontium (melting point 771°C*). 

Although an*unlimited series of alloys is possible between 

these metals, the corrosion resistance of both is so similar and so 

poor that there would be no reason to expect any marked improvement 

in any alloy composition. 

The compound CaTe (76.09% Te) is nonmetallic, like CaSe. 

OftedalW determined an x-ray lattice cQnstant for ^^ Qf ^ 

0.008. 

Qalft.ivmv—Tha 11 •* "T "O •> - 

The investigation of the calcium-thallium series was begun by 

Donski*"' and carried forward by Baar^o), but is still incomplete. 

Hansen^' gives the constitution diagram of Fig.18, p. 56. Both investi- 

gators used calcium with 0,55% Al plus Fe, 0,28% Si,and undetermined 

nitrogen content. Baar made five cubic centimeter melts in glass 

under a hydrogen atmosphere. Starting with calcium (melting point 

808»C.) the melting point falls slowly to 692°C, at about 63% thallium, 

where a eutectic between calcium* and CaTl is found. A wide area of 

0. 

s^ciäsii^fjMjfeacsai^ *a3=aäsqp^.?3^{^F -^r- 
S^TTV^-W^rt 

solid solution of CaTl in calcium is indicated, but has not been deter- 

mined accurately. Baar found some reaction taking place at 540°G. in 

the range from 23.6% Tl to 45% Tl, with the greatest energy emission 

at about 35% Tl, ä reaction which he was unable to explain. 

Besides CaTl (83.61$ Tl), the compounds CajTl, (87.18% Tl) 

and CaTl- (93.87% Tl) were found. Baar determined the melting points 

of these compounds-'respectively as 970°C, 655°GS;. and 625°C, 

Zintl and Neumager (57) found the crystal lattice struoture of 

CaTL^ similar, to that of CaPb^, Zintl and Braner'^8) reported a cubic 

body-centered lattice structure for CaTl, similar to ß  brass. 

Calcium-Tungsten Alloys _ 

According to Kremer'-^ it is not possible to alloy calcium 

and tungsten. 

Calcium-Zinc Alloys 

The only complete diagram available is that given in Hansen* ' 

from the work of Donski'"0/.  and here reproduced as Figure 19- Donski 

himself pointed out that he might not have found all of the compounds, 

and that the compound CaZn (62.0% sine) was very doubtful. Evidently 

more work is necessary in the calcium-rich calcium-zinc alloys. Donski, 

found a eutectic at 43.5% Zn melting at 417°C. between calcium and a 

compound tentatively identified as CaZn, and another eutectic at 83.5% 

Zn (melting point 633°C.) between CagZ^ and CaZn1(). He showed 
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compounds. Ca^Zn (28.97% Zn), CaZn (62.« 2s). Ca2Za3 (70,99* Zn), 

CaZn/ (86.7156 Zn), end CaZn10 (94.23% Zn). Kremann, W0stall,and 

Schöpfer^61) found the compounds CaZn, C^Zag» CaZa^, and GaZn^ by 

of potential measurements. Roos^62) determined the heats of 

FIGURE   18.       THE   CALCIUM-THALLIUM    SYSTEM,   ACCORDING   TO   D0NSKIt55) AND  BAAR*56) 

Afom-%Zn 

FIGURE   19.       THE   CALCIUM-ZINC   SYSTEM,   ACCORDING   TO   D0NSKI(60) 

fusion and of formation of CaZn^ andCaZnloJ CaZn^ - heat of fusion 

83.5 eal./g., heat of formation 55.6± 3 cal./g.| CaZn10 - heat of 

fusion 79.6 cal./g., heat of formation 199.1 + 4.7 cal./g. He note» 

that CaZn4 is an exception to the rule that heat of formation inoreasos 

with heat of fusion in the compounds he examined. 

Haucke^63) examining the crystal structure of CaZn^ and CaCu^ 

came to the conclusion that the compounds were really CaZnj and GsCuj. 

Both crystallize in similar hexagonal lattices of symmetry, group D6A,, 
0 

with six atoms in the unit cell. For CaZnj-, a = 5.405, c =*. 4.183A; 
o 

r.      n n c nö5    _ -.  / mo«      This structure gives Zn an« «u s for CaCuc, a = 5.""~, c = <»twn»n    *«"" OMUUVUI« BJ.T^^ «~ 

coordination number of 12. 

Nowotny^ also determined the X-ray structure of CaZnj and 

CuZn5, for which he found values as follows» Ca5Zn, a = 5.371, c/a » 

1.579, d = 5.72| for CaCu5, a = 5.097, c/a = 1.579. 

Mantell and Hardy'2) note that calcium-zinc alloys and calcium- 

magensium-zinc alloys are suggested for use in the production of porous 

concrete. A 50-50 zinc-calcium alloy and a 15 zinc, 15 magnesium, 70 

calcium alloy are most suitable. The alloys are very brittle, highly 

reactive, and spontaneously combustible. All of the ternary zinc- 

magnesium-calcium alloys containing 30% or more of calcium oxidise 

readily. 
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No structural .alloys with a calcium base containing zinc are 

probable * 

i... Calcium-Zirconium Alloys 

Except in the. alloys of nickel patented by Lohr*00', no refer- 

ence to, calcium-zirconium alloys was found. Lohr's alloys contained 

0.01 to 0.2056 calcium, 0.01 to 1.0% zirconium, 10 to 25%  chromium, 

with varying amounts of iron and molybdenum (0% to 30$), balance 

nickel, Mantell and Hardy^ ', page 107, give a list of these alloy 

compositions. 

DISCUSSION 

Examination of the available literature has shown very little 

promise of a possible high-calcium alloy that would be stable in air 

or water. The addition of a small amount of magnesium is said to im- 

prove the mechanical properties and stabilize the metal somewhat. 

The alloys with barium, strontium, and Misch metal (cerium plus 

lanthanum, etc.) might be investigated for possible stabilizing 

effects. 

From a theoretical standpoint, much careful study of the high- 

calcium alloys remains to be done, but it is doubtfu. that useful 

structural alloys with good corrosion resistance can be obtained. 
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